Abstract: This paper describes a study of groundwater characteristics and groundwater dating in the Kern Water Bank, west of Bakersfield, Calif. The paper also presents the results of developing a calibrated groundwater-flow model for the Kern Water Bank's aquifer. The Kern Water Bank is one of the largest artificial storage and recovery operations in the southwestern United States. This study sheds light on the chemical characteristics of groundwater, on the nature of the recharge water, on the subsequent groundwater movement through the storage aquifer, and on the origin and age of groundwater in the Kern Water Bank. It also produced a calibrated groundwaterflow model that can be used in predicting the effects of future recharge and groundwater extraction operations in the Kern Water Bank aquifer. It was determined that the chemistry of groundwater in the Kern Water Bank is suitable for irrigation following additional purification. Groundwater in the Kern Water Bank originates primarily from western Sierra Nevada runoff and from regional groundwater accretions. Groundwater age shows a clear differentiation into three age ranges. An optimal set of hydrogeologic parameters was identified which, in conjunction with recharge data, boundary-, and initial-condition data, and a hydrogeologically based finite difference grid, were integrated into a groundwater-flow model useful for predicting recharge and stress impacts in the Kern Water Bank.
Introduction
Groundwater is an important water source for potable, agricultural, and industrial uses around the world. Groundwater takes a heightened importance in semiarid regions of the western United States, where historical reliance on groundwater is well documented ͓see Loáiciga ͑2003͒ for a sustainable perspective of groundwater use͔. Rapid population growth in the post-World War II era has led to increased groundwater extraction in aquifers that supply expanding cities of the American West. Cases in point are Las Vegas, the Los Angeles metropolitan area, and Phoenix and San Antonio. Increased urban water use is not, however, the only cause for exacerbated groundwater extraction in the western United States ͓see Zekter et al. ͑2004͒ for further discussion of this topic͔. To cope with the growing disparity between water use and groundwater availability, innovative water development and management methods have been devised. One of them, groundwater banking, is the subject of this paper. Groundwater banking relies on the artificial recharge of "surplus" surface water into suitable aquifers that can store it with minor losses for later extraction. Surplus surface water refers to streamflow during wet seasons that can be diverted for artificial recharge without negative impacts to other water uses, including environmental use. Suitable aquifers are those that feature plentiful storage capacity, rapid rate of recharge, and groundwater extraction and distribution infrastructure to produce groundwater during the dry season, during drought, or whenever managed production requires it.
One of the largest groundwater banking operations in the United States is the Kern Water Bank ͑KWB͒, in Kern County, Calif. ͑see Fig. 1͒ . The Kern Water Bank is located in the Kern River alluvial fan at the southern end of the San Joaquin Valley, Calif. It encompasses about 78 km 2 of parcels owned by several local water entities and the State of California. This banking operation is under the management of the Kern Water Bank Authority a consortium of private and public entities. Groundwater banking operations aim to reduce groundwater overdraft in the San Joaquin Valley. Furthermore, groundwater banking improves the flexibility and efficiency of managing the State of California's Water Project by providing storage south of the Sacramento River-San Joaquin Rivers Delta. This paper reports the results obtained from field measurements of several groundwater-quality variables in the Kern Water Bank. The results include field measurements and analysis of dissolved chlorofluorocarbons ͑CFC-11 and CFC-12͒ made to estimate the age of groundwater in the Kern Water Bank aquifer. Groundwater age is defined as the transit time of recharged water since entering the aquifer ͑Loáiciga 2004͒. Finally, this paper describes the development and calibration of a numerical model of groundwater flow for the Kern Water Bank and its environs using groundwater-head and recharge data.
Study Area

Historical Background
Groundwater artificial storage and recovery in the Kern Water Bank date back to the early 1970s, when Tenneco West Inc. performed limited recharge in the northwestern portion of the Kern Water Bank area. The Kern County Water Agency ͑KCWA͒ began banking water in 1980 on an 11 km 2 recharge site located east of the Kern Water Bank ͑see Fig. 1͒ . When Tenneco West offered for sale 186 km 2 along the Kern River in 1986, the California Department of Water Resources explored the possibility of using the property for artificial groundwater recharge, ultimately leading to the purchase of 78 km 2 in 1988. Following successful recharge operations by the California Department of Water Resources ͑California Department of Water Resources 1987͒, the land was transferred in 1994 to the Kern Water Bank Agency. Currently, about 44 km 2 are used as recharge ͑spreading͒ ponds. The total property area is an irregular rectangle, 11 km ͑east-west͒ by 7.1 km ͑north-south͒. A total of 1.13ϫ 10 9 m 3 ͑916,000 acre ft͒ of water were recharged into the aquifer between 1995 and 2000. The Kern Water Bank system was designed to recharge 555 ϫ 10 6 m 3 year −1 ͑450,000 acre ft year −1 ͒ and recover ͑by extraction͒ 296ϫ 10 6 m 3 year −1 ͑240,000 acre ft year −1 ͒. Evidently, the excess of recharge over recovery can only be maintained for as long as there is aquifer storage available and surface water availability permits it. These recharge and recovery figures must be interpreted as desirable targets.
Geologic Setting of Study Area
The southern San Joaquin Basin, which comprises the Kern Water Bank, is bounded by the Tremblor ranges on the west, Sierra Nevada on the east, and the San Emigdio Mountains to the south. It is drained by the San Joaquin River, which flows out of the basin in a northerly direction towards the San Francisco Bay. In the southern San Joaquin basin, where the Kern Water Bank lies, the stratigraphy is subdivided into three distinct groups: Mesozoic basement rocks, late Mesozoic to Neogene marine rocks, and Neogene to recent continental rocks and sediments ͑Wilson 1993͒. The Pliocene and younger shallow terrestrial sediments are present from approximately 1,250 m below the study area to the surface. Starting from the surface, three formations contain continentally derived sediments: the Kern River, the San Joaquin, and the Tulare formations. Recent alluvial deposits overlie these formations. The Kern River alluvial fan has a surface of about 2,849 km 2 ͑California Department of Water Resources 1987͒ and contains the principal water bearing sediments of the aquifer. Sedimentary deposits in the Kern River alluvial fan are heterogeneous, with a predominance of sand and gravel deposits that reveal the meandering geometry of the Kern River over time.
Sediments in the Kern River alluvial fan are derived from weathered granodiorite of the Sierra Nevada Range fluvially transported to the study area by the Kern River. Presently, the Kern River seldom has surface flows due to diversions prior to reaching the downstream ͑southwest͒ Kern River alluvial fan area. The Kern River originates in the headwaters of the southern Sierra Nevada ͑west of Lone Pine, Calif.͒ and is the southernmost watershed on the western side of the Sierra Nevada. The Kern Water Bank is located in the southwest portion of the Kern River alluvial fan and straddles the Kern River channel. This southwestern area of the Kern River alluvial fan features-in addition to coarse-textured alluvial sediments-fine-textured lacustrine deposits, and several laterally discontinuous clay and silt layers.
Physical Setting of Kern Water Bank
The Kern Water Bank is part of the Tulare Lake Hydrologic Basin, a natural capture zone for waters draining from the Sierra Nevada to the east, the Tremblor Ranges to the west and the Tehachapi/San Emigdio Mountains to the south. The surface topography across most of the study area is relatively flat lying with an average altitude of 93 m above mean sea level. The present climate is arid to semiarid due to a rain shadow imparted by the coast ranges west of the study area. The annual average precipitation is 158 mm. The temperature ranges from slightly above freezing during the winter months ͑December-March͒ to above 35°C in the summer season ͑June-September͒. The vegetation covering areas of the Kern River alluvial fan is 80% irrigated farmland with a small fraction of idle land ͑20%͒. All of the Kern Water Bank area has reverted since the 1980 to idle land conditions. Common botanical species found in the Kern Water Bank are Aster spp., Salix spp., Bromus spp., and Amaranthus spp. Crops grown in the Kern Water Bank area are cotton, alfalfa, pasture, and sugar beets, in decreasing order of importance.
Despite the heterogeneous, complex, and poorly known stratigraphy at a small scale ͑i.e., tens of meters͒, several general features can be inferred in the Kern Water Bank aquifer. The typical aquifer hydrostratigraphy underlying the Kern Water Bank features three key groundwater bearing formations. The uppermost consists of an upper unconfined aquifer whose thickness ranges between 61 and 91 m below ground surface ͑bgs͒, and has a shallow water table of variable depth depending on recharge conditions. The unconfined aquifer is separated from a middle, semiconfined, aquifer by the low-permeability, and spatially discontinuous, Corcoran clay in several areas. These laterally discontinuous clay/silt sediments act as aquitards. The network of monitoring wells installed in the Kern Water Bank indicates that these aquitards cause semiconfined conditions in the middle aquifer. The middle aquifer-whose upper boundary is at about mean sea level-is underlain by a deep aquifer, which is mostly confined with areas of partial confinement. The upper boundary of the deep aquifer is typically 61 m below mean sea level, or lower. Wells tapping the deep aquifer have been drilled to a depth of 210 m ͑below ground level͒. Groundwater levels in piezometers installed in the deep and middle aquifer typically fall below those in shallow ͑unconfined-aquifer͒ wells by a few tens of meters, during the summer months, when groundwater is extracted from the Kern Water Bank. The differences in water levels tend to disappear during the winter months, when pumping is lower than that of the summer months ͑Swartz 1995͒. Several water sources contribute to groundwater recharge in the Kern Water Bank. These include the Friant-Kern Canal, the Kern River, the California aqueduct, and local precipitation. Historically the Kern River has been the primary source of natural recharge. However, due to low precipitation in the Kern Water Bank region and to diversions of Kern River water away from the recharge area, most of the groundwater presently originates from subsurface flow and artificial recharge operations.
Groundwater Dating Water Using Chlorofluorocarbons: Synthesis
CFCs in Atmosphere
CFCs are stable, nonflammable, noncorrosive, and nonexplosive, synthetic halogenated alkanes with no known natural sources. They were developed in the early 1930s as refrigerant cooling compounds. Production of CFC-12 ͑CF 2 Cl 2 ͒ began in 1931 followed by CFC-11 ͑CFCl 3 ͒ in 1936. Annual production of CFC-11 and CFC-12 peaked in 1987 at 382,000 and 425,000 t, respectively ͑Plummer and Busenberg 2000͒. The production of CFCs was discontinued in the early 1990s by international agreement ͑the Montreal Protocol͒ following a realization of their adverse effect on stratospheric ozone. Current estimates of the atmospheric lifetimes of CFC-11 and CFC-12 are 45Ϯ 7, and 87Ϯ 17 years, respectively ͑Volk et al. 1997͒. CFCs are distributed globally in the atmosphere and hydrosphere ͑Gamlen et al. 1986͒. Their release into the atmosphere and their incorporation into the earth's hydrologic cycle have been closely coupled with production rates. The Alternative Fluorocarbons Environmental Acceptability Study of 1997 estimated that through 1995, 87.2% of the CFC-11 and 95% of the CFC-12 total production had been released to the atmosphere. Most of the unreleased CFC-11 resides in closed-cell foam product, and most of the unreleased CFC-12 is found in refrigeration units. Atmospheric concentrations of CFCs prior to 1976 have been estimated using production and release records ͑McCarthy et al. 1977; Cunnold et al. 1997͒ . Thereafter, atmospheric concentrations have been measured. The air mixing ratio of CFC-11 peaked in 1994 at 267 parts per trillion by volume ͑pptv͒. CFC-12 was estimated to peak in 1999 with a global average tropospheric ratio of 544 pptv in 1999. Fig. 2 shows time series of CFC-11 and CFC-12 atmospheric concentrations from 1945 to 1998.
CFC Dating of Groundwater
Dating of groundwater is defined as the determination of the time elapsed since a parcel of water was recharged into an aquifer ͑Loáiciga 2004͒. CFCs are synthetic tracers that have been used to determine the year of recharge of "recent" groundwaters, where recent refers roughly to recharge that occurred in the post-1950 period ͑Plummer and Busenberg 2000; Busenberg and Plummer 1992 for foundational papers on the use of CFCs as dating tracers͒. Concentrations near the detection limits of CFC-11 and CFC-12 ͓equal to 0.01 picomole per liter of water ͑pmol/L͒, where pico denotes the fraction 10 −12
͔ indicate groundwaters recharged prior to 1950.
The CFC-based method for dating groundwater applied in this work assumes that percolating water recharging an aquifer is in equilibrium with tropospheric air at the time of recharge ͑after Busenberg and Plummer 1992͒. The solubility constants depend on the temperature and dissolved-mineral content of groundwater near the water table ͑Warner and Weiss, 1985; Stumm and Morgan 1996͒. Most shallow groundwater is too dilute to require correction for dissolved mineral content. For this reason, only the temperature of groundwater near the water table is factored in the dating of groundwater.
The mean annual temperature of surface air is an appropriate approximation of the water-table temperature in the Kern Water Bank ͑Stute et al. 1995; Stute and Schlosser 2000͒. Mean air temperature is approximately 18.5°C in the Kern Water Bank according to long-term records available from the National Climatic Data Center. Assuming predominant downward motion of recharged groundwater ͓this type of flow is referred to, by analogy, as "piston" flow see, for example, Clark and Fritz, ͑1997͔͒ the concomitant stratification of CFC concentrations in groundwater becomes an approximate chronological record of the year in which a particular groundwater parcel was recharged. In assigning an inferred groundwater recharge year to a CFC concentration measured in a groundwater sample, the measured concentration is related to the CFC's atmospheric mixing ratio. The atmospheric mixing ratios of CFC-11 and CFC-12 are accurately known as a function of year ͑see Fig. 2͒ .
The dating method outlined in this section is straightforward if the stated underlying assumptions are well met. Many complicating factors can arise, however. Key among them are waste water point sources of CFC near the recharge zone ͑Schlutz et al. 1976; Clark et al. 1995͒ , a deep water table ͑Cook and Solomon 1995͒, anaerobic consumption of CFCs ͑Lovely and Woodward 1992; Oster et al. 1996͒ , mixing of recharge water, and hydrodynamic dispersion of CFCs in groundwater. Furthermore, the sampling and preservation of low-concentration CFCs in groundwater presents substantial challenges to their accurate characterization. These issues are discussed later in this paper. Meillier et al. ͑2001͒ have presented an in-depth discussion of these complicating factors.
Monitoring Wells and Groundwater Sampling
Twenty six nested monitoring wells were sampled in the Kern Water Bank in January 2000 and August 2000, respectively, to measure several groundwater-quality characteristics, including CFC-11 and CFC-12 dissolved in groundwater. The wells' depths ͑measured from their respective ground-surface elevations͒ range between 64 and 210 m. Well screens are between 6 and 42 m long. Fig. 3 shows the locations of the wells' screens relative to mean sea level in each of the three aquifer layers. Water samples were retrieved with a diesel-powered purge pump with an average output of 189 L / min. Samples were taken after five well volumes had been extracted from each well. Ambient field data such as weather conditions, air temperature, and water levels in the wells were noted prior to extracting groundwater samples. CFC samples were collected in 15 mL copper tubes sealed with steel pinch-off clamps following strict protocols to avoid degassing and air entrapment in the groundwater samples. CFC-11 and CFC-12 were extracted from groundwater samples with pure nitrogen gas, trapped within short storage columns, heated, and injected into a Shimadzu gas-chromatograph GC-14 linked to an electron capture detector ͑ECD͒ for analysis using the modified Smethie et al. Besides CFC-11 and CFC-12 and well water levels, several groundwater-quality characteristics were measured with the purpose of developing a compressive understanding of the water chemistry in the Kern Water Bank. These characteristics included: water temperature, electrical conductivity, total dissolved solids ͑TDS͒, major cations and anions, pH, dissolved oxygen, alkalinity, and stable isotopes of water. The isotope composition is reported in ␦ units as per mil ͑‰͒ deviations from the Vienna Standard Mean Ocean Water ͑VSMOW͒ standard.
Numerical Groundwater-Flow Model
The writers calibrated a three-dimensional, spatially distributed, numerical groundwater-flow model to the Kern Water Bank aquifer. The numerical model is intended for predicting future impacts of recharge and groundwater extraction. The calibration period comprised calendar years 1994-2000. The Visual Modflow Version 2.8.2 ͑Waterloo Hydrogeologic 2001͒ finite-difference groundwater-modeling software was used in this study. Visual Modflow simulates groundwater flow in three dimensions. The three-dimensional movement of groundwater of constant density through earth material may be described by the partial differential equation for the hydraulic head h͑x , y , z ; t͒ ͑expressed as a length͒ as follows: 
Geometry of Kern Water Bank Groundwater Model
A three-layer finite-difference grid was created based on an earlier version constructed by the California Department of Water Resources ͑1992͒ and Swartz ͑1995͒. The uppermost layer is unconfined ͑layer 1͒, and the middle layer ͑layer 2͒, and bottom layer ͑layer 3͒ are semiconfined with variable transmissivity and specific storage. Laterally discontinuous clay and silt sediments in the Kern Water Bank act as aquitards to vertical flow. Groundwater flow in the Kern Water Bank aquifer is predominantly vertical. Hydraulic head data collected from nested piezometers indicate that these aquitards cause semiconfined conditions in the middle portions of the aquifer. The total modeled area represents an area of 30 km by 22 km in east-west and north-south directions. It ranges between 104 m above mean sea level ͑amsl͒ to 122 m below mean sea level, respectively. The three-layer grid approximates the main groundwater-bearing layers identified by extensive well logging in the Kern Water Bank ͑California Department of Water Resources 1992͒. The surface elevation of the first layer was described with a United States Geological Survey topographic map ͑7.5Ј ϫ 7.5Ј͒ for the study region. Changes in elevation in the study area range between 82 m ͑northwestern area͒ and 104 m amsl ͑central area of the model͒. The second layer is located between 0 and 61 m below mean sea level and the third layer spans between 61 and 122 m below mean sea level.
The three-layer finite-difference grid is composed of 58 columns and 39 rows consisting of 1,935 active cells per layer and 327 inactive cells located in the southwest corner of each layer ͑see Fig. 4͒ . The cells range in size from 0.16 to 0.65 km 2 . The Elk Hills defining the irregular western boundary of the finitedifference grid are composed of three major doubly plunging anticlines ͑Reid and Kuesport 1990͒. The consolidated sedimentary rocks of this structure act as a no flow boundary on the western side of the study area. While the Elk Hills act as a barrier to groundwater flow to the west, there are no other significant faults or barriers to lateral movement of water within the study area ͑Swartz 1995͒.
Initial Specification of Hydrogeologic Parameters
Initial estimates of hydraulic conductivity and specific storage in each grid cell were estimated from manual calibrations and data compiled by White ͑1993͒ and Swartz ͑1995͒. These data were obtained from statistical analyses of sediment type and using relationships among sediment characteristics and hydrogeologic properties. Over 1,000 lithologic and electric logs from wells and borings drilled within the Kern Water Bank aquifer were collected, evaluated for reliability, and sediment type mapped geostatistically ͑White 1993͒. Thereafter, specific yield ͑in the unconfined aquifer͒, specific storage in the semiconfined layers, and hydraulic conductivity were assigned based on mapped soil type relying on published correlation charts ͑Driscoll 1986͒. The initial hydraulic conductivities K xx and K yy were set equal to each other, and ranged between 0.15 and 214 m / day. The vertical hydraulic conductivity K z ranged between 0.0049 and 0.031 m / day. Specific yield varied between 0.11 and 0.21. The total porosity and effective porosity were estimated to be 0.35 and 0.30, respectively, in all layers. Specific storage was set equal to the specific yield in the top ͑unconfined͒ layer. It was assigned a value of 3.3ϫ 10 −4 m −1 in layers 2 and 3 based on specific storage maps compiled by Swartz ͑1995͒ for the Kern alluvial fan.
The stated initial hydrogeologic parameters were then improved by calibrating the Kern Water Bank groundwater-flow model against measured hydraulic head. The resulting optimized parameters are discussed in the "Results" section.
Artificial Recharge, Pumping, and Hydraulic Head Data
Kern Water Bank artificial recharge in calendar years 1995-2000 were approximately equal to 285ϫ 10 6 , 230ϫ 10 6 , 142ϫ 10 8 , 378ϫ 10 6 , 44.0ϫ 10 6 , and 49.3ϫ 10 6 m 3 ͓231,000, 186,700, 115,600, 306,600, 35,700, 40,000 acre ft, ͑1 acre ft= 1233.5 m 3 ͔͒, respectively ͑T. Hasslebacher, Kern County Water Agency, personal communication, 2001͒. The decline in recharge in 1999 and 2000 was caused by the large amount of groundwater found in storage at that time. Artificial recharge in calendar year 1994 ͑the first year in the calibration period͒ was negligible. Artificial recharge values were entered in Visual Modflow in ft/day ͑1 ft/ day= 0.305 m / day͒. These artificial recharge values were augmented with an estimated ͑natural͒ recharge equal to 10% of the annual mean precipitation in the Kern Water Bank. In addition, Kern River and canal seepage estimated by the Kern County Water Agency ͑annual average approximately equal to 145.7 ϫ 10 6 m 3 ͒ were inputs to the Visual Modflow model. Recharge and seepage were applied to the highest-elevation active grid cell in each layer. Groundwater pumping in the Kern Water Bank occurred only in years 1994 and 1995 in the period 1994-2000. The 2-year pumping total for 1994-1995 was 66.4ϫ 10 6 m 3 . Twenty six monitoring wells with associated observed hydraulic heads during the 1994-2000 periods were entered in the groundwater model grid. Initial hydraulic heads correspond to early January 1994. Initial head values varied between 18 and 79 m ͑amsl͒. The model's boundary conditions were specified as constant-head hydraulic heads in the three layers along the northern, southern, and eastern sides of the model. A no-flow boundary was specified along the western perimeter of the Kern Water Bank. The Visual Modflow model simulated hydraulic heads in transient mode with seven stress periods corresponding to the years 1994-2000. Each stress period was split into 12 time steps ͑the time step has a monthly duration͒.
Calibration of Kern Water Bank Groundwater Model
The Kern Water Bank groundwater model was calibrated with hydraulic-head data for the period 1994-2000. The groundwater model parameters were calibrated using the nonlinear parameter estimation and predictive analysis ͑PEST͒ module available in Visual Modflow. PEST adjusts model parameters and other specified variables to minimize the weighed sum of squared differences between model-generated predictions and measured data ͑Waterloo Hydrogeologic 2001͒. The PEST module was used to estimate hydraulic conductivities ͑K xx , K yy , K zz ͒ and storage coefficients ͑S s , S y ͒. It was difficult to specify the artificial recharge's spatial and intra-annual variability because the Kern Water Agency provided records of total recharge only in certain areas of the Kern Water Bank. This recharge had to be applied over specific areas of the numerical model's cells within each monthly time step, which introduced approximations in the exact amount of recharge received by the model's cells.
Results
General Water-Chemistry Characterization
Well-water temperatures were higher in deeper wells and ranged between 18 and 32.6°C. The local geothermal gradient is responsible for the increase in water temperatures increasing with increasing depth. Groundwaters from the Kern Water Bank are neutral to basic with a pH range of 7.4-10.3, and average of 8.7 ͑Meillier et al. 2001͒. Groundwaters from deeper wells were found to be more basic than those from shallow wells. There were no identifiable geographic patterns of pH distribution. Alkalinity values varied between 0.18 and 5.11 meq/ L with an average equal to 1.54 meq/ L. Deep-well waters exhibited lower alkalinity than shallow-well waters. The groundwater exhibited a wide range of dissolved oxygen concentration, from 0.5 to 11 mg/ L, averaging 3.5 mg/ L. Shallow-well waters featured consistently higher concentrations of dissolved oxygen than deep-well waters. Additionally, higher levels of dissolved oxygen were found in the northern and central areas of the Kern Water Bank near the recharge ponds.
Major anions concentrations were found to decrease in the following order: bicarbonate, sulfate, chloride, and carbonate, whose average concentrations were 72.6, 66.0, 44.4, and 10.4 mg/ L, respectively. Elevated concentrations of bicarbonates were found in the northern and western sections in shallow wells. High sulfate values were found close to the Elk Hills western boundary. The highest chloride concentrations were found in the southwestern and northern areas of the Kern Water Bank. Chloride concentrations were consistently higher in shallow wells than in deep wells. Nitrate was detected in several wells, although no N-NO 3 − concentrations were found above the 10 mg/ L U.S. Environmental Protection Agency drinking water standard water ratio ͑3.47ϫ 10 −3 ͒. This suggests that waters recharged in the Kern Water Bank originate primarily from precipitation.
Sodium, calcium, silicon, and magnesium were found to be the dominant cations in the well waters sampled, with averages concentrations 62.9, 41.3, 9.1, and 1.5 mg/ L, respectively. Shallowwell waters exhibited higher TDS concentrations that deep-well waters. Kern Water Bank groundwater had an average TDS concentration equal to 327 mg/ L. Highest TDS values were found in the north-central and western areas of the Kern Water Bank.
The stable isotopic composition of KWB groundwater varied between −10.55 and −13.71‰ for ␦ 18 O and between −110.2 and −82.5‰ for ␦ D. The Kern Water Bank groundwater falls along a slope equal to 7.23, slightly lower than the global meteoric water line ͑GMWL͒ value of 8.13, as shown in Fig. 5 . The isotopic composition of Kern Water Bank groundwater did not yield any significant correlation with location or well depths. A comparison of Kern Water Bank groundwater with surface water from Sequoia National Park on the western slope of the Sierra Nevada of California revealed similar ͑stable͒ isotopic compositions for these two waters, which can be seen in Fig. 5 .
In summary, the general chemical characteristics of the groundwater underlying the Kern Water Bank render it suitable for irrigation, and for human use following standard treatment. The relative low dissolved mineral content of the Kern Water Bank groundwater is typical of low salinity waters originating from the Sierra Nevada, where rapid transit and generally low weathering rates produce waters with low total dissolved solids. The major cations ͑sodium, calcium, silicon, magnesium͒ predominant in the Kern Water Bank are typical of groundwater in semiarid regions, where cationic buildup is enhanced by high evaporation and low leaching by percolating rainfall. High levels of bicarbonates, chloride, nitrate, sulfate, boron, and sodium values found in well 30/25E 12B04, near the Elk Hills on the western perimeter of the Kern Water Bank, are believed to originate from the disposal of brines arising from oil production in this area.
CFC-Based Groundwater Dating
CFC-11-inferred groundwater recharge years usually exceeded those of CFC-12, indicating that microbial consumption of CFC-11 is occurring in the subsurface. The CFC-12 data collected in this study, therefore, can be interpreted with a higher degree of reliability than the CFC-11 data for the purpose of groundwater dating. Most of the artificial recharge in the Kern Water Bank has taken place on the ponds found in its northern and central sections. Accordingly, the youngest apparent ages ͑most recent inferred groundwater recharge years͒ were found in the shallow wells in the northern and central sections of the study area where artificial recharge is usually performed. Away from the recharge ponds, in the southern and western sections of the Kern Water Bank, groundwater apparent ages were older than 50 years. Apparent CFC ages displayed a consistent vertical trend with shallow wells younger than deeper wells. This increase of apparent groundwater age with depth is expected because of the longer travel time of deep groundwater than that of shallow groundwater. Aquifer heterogeneity may explain several puzzling CFC-dating results in a few areas of the Kern Water Bank. For example, several wells showed a 20-year difference between their shallow and deep inferred groundwater recharge years. Moreover, several wells in the northeastern region, situated a few kilometers apart from each other, had very different apparent ages for the same depth of sampled groundwater. The screen intervals for these wells are long; this induces mixing of groundwaters from different depths, which is likely to complicate the calculation of the CFC-inferred groundwater recharge year.
From the above, groundwater in the Kern Water Bank can be grouped into three categories of recharge years based on the CFC-11 and CFC-12 measurements. Relatively young ͑Ͼ1985͒ groundwater was found in the northern and central areas in the shallowest wells sampled. The Kern Water Bank Authority has used recharge ponds located in the northern and central areas for artificial recharge since 1994. This might explain the predominance of relatively young groundwater in this region. Less recent ͑1985-1960͒ groundwater was found in the deeper wells of the northern and central areas of the Kern Water Bank. Finally, the oldest ͑Ͻ1950͒ groundwaters are found in the southern and western areas of the water bank. At each sampled location the deeper water is consistently older. This distribution of recharge years in the Kern Water Bank is consistent with post-1990 artificial recharge operations.
Several groundwater samples showed CFC-11 and CFC-12 concentrations in excess of the atmospheric concentrations ͑Fig. 2͒, an anomaly that we refer to as CFC contamination. The contaminated samples were prevalently found in the northern and central sections of the Kern Water Bank in shallower wells. They are mainly associated with groundwaters recharged after 1990. Measured CFC concentrations in excess of predicted values were found during both field sampling campaigns ͑that is, winter and summer of 2000͒. Plummer et al. ͑2000͒ found that waters from irrigated areas had anomalously high concentrations of CFC-11 and to a lesser extent CFC-12. Those authors hypothesized that the source of the high CFC-11 and CFC-12 concentrations might have been pesticides dissolved in groundwater. Local sources of CFCs are the most plausible causes of CFC contamination in the Kern Water Bank. The form in which this has taken place remains undetermined, however.
A relation between nitrate concentration and inferred groundwater recharge year was also noticed in the water-chemistry data. Specifically, low-nitrate concentration samples were found to be mainly 30-40 years old. Low nitrate concentrations linked with groundwater recharge year older than 1970 ͑that is, prior to 1970͒ might be linked to denitrification occurring in the aquifer. The probability of groundwater exposure to anaerobic conditions increases with groundwater age. It is also plausible that the nitrate concentration reflects past changes in its regional input. The use of nitrates in agriculture emerged towards the middle of the 20th century. Their application might have been sporadic in space and time as land was converted to crop fields. Denitrification and the regional input might operate concurrently in the Kern Water Bank.
Calibration of Numerical Groundwater-Flow Model
Calibrations were ran using field reported hydraulic head values combined with Visual Modlfow software features. Calibration carried out with the PEST optimization module produced relatively minor improvements in the initial parameters estimates. The most noticeable improvements observed were in the values of K x and K y . The high quality of the initial hydrogeologic parameters is not surprising given that other researchers had conducted earlier manual optimization of those parameters ͑White 1993; Swartz 1995͒. Two measures of goodness-of-fit are the mean-absolute error ͑MAE͒ and the root-mean-squared ͑RMS͒ error. The MAE is the mean of the absolute value of the differences between simulated ͑h s ͒ and measured hydraulic heads
The MAE avoids cancellation of negative-and positive hydraulichead differences. The average mean absolute error over the 26 wells modeled and the 7 years modeling period equaled 4.48 m. The root-mean squared error is defined as follows:
The RMS is a suitable measure of goodness-of-fit for model calibration when errors ͑h s − h m ͒ display a normal distribution. The RMS error average over the Kern Water Bank equaled 8 m and ranged between 3.00 and 21.66 m. The largest RMS error was detected in the northern areas where post-1990 artificial recharge has been most active. Fig. 6 shows measured hydraulic heads and simulated hydraulic heads, the latter obtained using the calibrated model, in deep Well 25E22RO3. It is seen that there is the overall good agreement between the two sets of hydraulic heads, which is typical of calibration results for other wells. Notice in Fig. 6 , however, the smoother nature of the simulated hydraulic heads, which do not conform exactly to short-term fluctuations exhibited by the measured heads. In addition, the simulated heads overestimate the measured heads toward the end of the simulation ͑in year 2000͒. This discrepancy was observed in several other wells, and it is thought to stem from overestimated recharge data for year 2000. In spite of the noted discrepancies, the writers consider that the calibrated groundwater model is suitable for aquifer-response predictions resulting from recharge and groundwater extraction scenarios.
Conclusion
This paper summarized groundwater chemistry characteristics and dating in the Kern Water Bank, Calif. In addition, this work described the development of a calibrated groundwater numerical model for the Kern Water Bank's aquifer. Integrated studies of the type presented in this work are valuable because they shed light on the chemical characteristics of groundwater, on the nature of the recharge and subsequent groundwater movement through the storage aquifer, and on the origin and age of groundwater. In this case, the integrated study also produced a calibrated flow model that can be used in predicting the effects of future recharge and groundwater-extraction operations in an important recharge and recovery operation.
It was determined in this study that: ͑1͒ the chemistry of groundwater in the Kern Water Bank is suitable for irrigation and, following treatment, for human consumption; ͑2͒ the origin of groundwater is primarily runoff from western Sierra Nevada runoff; ͑3͒ groundwater age can be divided into three categories, in which the time since recharge increases with increasing depth of groundwater in the aquifer; and ͑4͒ an optimal set of hydrogeologic parameters was identified which, in conjunction with recharge data, boundary-, and initial-condition data, and a hydrogeologicallybased finite difference grid, were integrated into a calibrated groundwater-flow model useful for predicting recharge and stress impacts in the Kern Water Bank.
This study also identified areas deserving future research and action. One of them is the refinement of CFC sources and concentrations in the Kern Water Bank, which would allow a more accurate calculation of groundwater age within its aquifer. Once that is achieved, the calibration of the numerical groundwater model can be based on observed hydraulic heads and on CFC data as well. This would produce a calibrated model for groundwater flow and transport, a useful tool in the simulation of hydraulic and chemical transport process in aquifers. There is also a need for more accurate record keeping of the location, amount, and timing of artificial recharge in the Kern Water Bank. This is desirable for the management and accounting of its groundwater and for continued improvements in groundwater model calibration.
